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Abstract: EPS geofoam is increasingly being used as a material in geotechnical construction. This 
paper describes the development of a constitutive model for the material based on a series of triaxial 
compression tests. The geofoam specimens were subjected to a confining pressure ranging from 0 to 
60 kPa and loaded to failure. Using these results, the authors have proposed an elastoplastic 
hardening model with 6 independent parameters that can be calibrated from data obtained from the 
triaxial tests. It is shown that the constitutive model is able to correctly replicate the characteristic 
shearing and volumetric behaviour of the EPS geofoam under loading. The model is relatively simple 
to incorporate into numerical codes for geotechnical analysis.   
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1 Introduction 
Block-moulded expanded polystyrene (EPS) geofoam has been successfully used by Norwegian 
geotechnical engineers since at least the early 1970s (e.g. Refsdal, 1985; Aaboe, 1987). EPS 
geofoam possesses properties which are often advantageous in geotechnical construction. These 
include: an extremely low density (normally ranging from 10 to 35 kg/m3), a high strength-to-weight 
ratio equivalent to that of soft rocks and very small or virtually zero lateral expansion under 
compressive loading. These qualities make it a material of choice particularly where the self weight of 
a material will impact adversely on the geotechnical design such as when building a fill embankment 
on very soft, in road widening applications where differential settlement between existing and new 
parts of the road is a concern and in repair of failed slopes in which the driving moments due to self 
weight have a si gnificant and adverse effect on the factor of safety. Since EPS induces much lower 
lateral loading than normal earth pressures, it could also be used effectively as a compressible 
inclusion behind retaining structures (Horvath, 1997).    
 
This paper develops a simple elasto-plastic hardening constitutive model with the aim of applying it to 
a fairly wide range of geotechnical applications. A main appeal of the model is that it is not only simple 
to calibrate (with 6 independent parameters) but that it is relatively easy to incorporate into numerical 
codes for geotechnical analysis. The model is developed within the framework of classical plasticity, 
with the inclusion of strain hardening. This paper is organized as follows. In the next section 
experimental results obtained from triaxial tests are described. This will be followed by the 
presentation of the proposed theoretical model. Finally, results of validation using the experimental 
data are presented. This work is part of an ongoing research by the authors to develop a more 
complete constitutive model that will include viscous effects and temperature dependency.   
 
2 Experimental programme 
2.1 Test setup 
As a part of the development of the constitutive model, the authors have conducted a series of triaxial 
tests at room temperature (23°C) using 50 mm cylindrical specimens. The test setup consisted of a 50 
kN TRITECH loading frame capable of a loading speed ranging from 0.0 to 6.0 mm per min. A 
relatively slow loading rate of 0.4% was adopted was adopted for this series of tests. The setup 
includes a Wykeham Farrance triaxial cell (WF 10201) which can withstand an internal cell pressure 
up to 1700 kPa, although none of the applied cell pressures is more than 60 kPa. The applied loading 
and the vertical displacement were measured and recorded by means of a load cell and an LVDT 
transducer, through an in-house developed A/D data logger and software. The load cell and the LVDT 
are capable of resolutions as small as 1 Newton and 0.01 mm respectively.  
  
A GDS digital pressure/volume controller accurate to volume measurement of 1 mm3 and pressure to 
1 kPa was used to control the cell pressure (via the software) and to measure any volume changes in 
the cell fluid during the test. The cell fluid volume change was subsequently used to derive the volume 
changes of the specimen. The tests were carried out over a range of confining pressure from 0 to 60 
kPa. The samples were initially loaded hydrostatically to the prescribed confining pressure until the 
volume change had stabilised and then sheared by applying the axial load. Throughout the duration of 
the test, the pore pressure drainage valves were kept open to allow the gas in cellular structure of 
the EPS specimen to dissipate. The testing procedures are generally similar to those described by 
Atmazidis et al. (2001).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2 Test results 
In Figure 1, the experimental results (in full lines) of the deviator stress are plotted against the axial 
stress under confining pressure ranging from 0 to 60 kPa. The initial part of the stress-strain curve is 
fairly linear and its slope is defined by the initia l modulus E. After yielding, the slope decreases and 
asymptotes quickly to the plastic modulus Ep. The response can therefore be reasonably 
approximated by a bilinear relationship defined by the moduli E and Ep, corresponding to pre- and post 
yielding respectively. Ep is also markedly smaller than E.  
 
Figure 2 shows the volume change of the EPS specimen (full lines) during the axial loading stage, 
when the deviator stress was applied. In this investigation, as well as in others (e.g. Atmazidis et al., 
2001, Zou and Leo, 1998), the Poisson ratio was found to be a small positive value during the initial 
stages of loading when strains were very small, then quickly reducing to virtually zero or a negative 
value at larger strains (Poissons ratio does not strictly apply in the plastic strain). As a consequence 
of this, the EPS specimen exhibited contractive volumetric behaviour during the axial loading, since 
the axial volumetric contraction due to applied loading was not compensated by lateral volumetric 
expansion.  
 
The plot in Figure 3 shows the variation of the major principal stress s1 against the minor principal 
stress s3 when the specimen is at yield. In these series of tests, the results showed the major principal 
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Figure 1: Deviator stress vs axial Strain for 
various confining stress. The experimental 
curves are shown in full lines. The model 
results are represented in broken lines.  
 
Figure 2: Volume change vs axial strain for 
various confining stress. Full lines represent 
experimental data while the broken lines are 
the model results. 
 
  
stress had a slight negative dependency on the minor principal stress, i.e. the major principal stress at 
yield decreased slightly as the minor principal stress was increased.   
 
 
 
 
 
 
 
 
 
 
 
 
3 Description of Constitutive Model 
3.1 Fundamental equations of elasto-plasticity 
For simplicity, all matrix and vector quantities are in bold. Positive stresses and strains correspond to 
compression and fibre shortening. For small displacements and small strains, the total strain can be 
written as the sum of elastic and plastic strains: 
 
pe ddd ååå +=  (1) 
where the vector notation [ ]t132312332211 ssssss=ó  and [ ]t132312332211 eeeeee=e has been 
used. The material behaviour is linear elastic, with zero irreversible strain (dep = 0), when the stress 
tensor lies inside a yield surface, defined by a yield function f: 
 
( ) 0, =Rf ó  (2) 
 
where R is a variable which defines the current size of the yield surface in order to account for 
hardening effects. The stress increment is related to the strain increment through the classical relation: 
 
óDå dd e ×= -1  (3) 
 
where D is the elastic stiffness matrix and is constant for linear behaviour. Only isotropic behaviour is 
considered here and R is supposed to be a scalar. In addition to the yield function, a flow rule is also 
needed to describe plastic strains: 
ó
å
¶
¶
=
gdd p z  (4) 
wherez is the (positive) plastic multiplier and g the plastic potential. During plastic loading, the stress 
point must remain on the surface of the yield envelope. This is known as the consistency condition, 
which writes: 
0=
¶
¶
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For simplicity, we shall denote: 
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Figure 3: Plot of major principal 
stress vs minor principal stress at 
yield. 
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Classically, the hardening modulus H is defined by the relation: 
zHddR
R
f
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 (7) 
Equation (7) can then be developed to give: 
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where x is an internal parameter, which is itself related in some way to the plastic multiplierz . The 
relations R=R(x) and x=x(z ) define completely the hardening behaviour adopted, which is generally a 
key element of the specific model developed. We will suppose x to be an invariant of the plastic strain. 
Substitution of (3) and (4) into (1), then pre-multiplying by D gives: 
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where notation (6) has been used. Substitution of (10) into (9) leads to: 
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where epD  is the classical tangent stiffness matrix. 
 
 
3.2. The EPS model 
It will be supposed the elastic behaviour is linear and isotropic, defined by two rheological constants E 
and n. For the plastic behaviour, based on experimental observations, the following yield function will 
be adopted which is formally identical to the well-known Mohr-Coulomb criterion: 
 
0),( 31 =--= RKRf pssó  (12) 
 
where Kp is a rheological constant. For an elastic-perfectly-plastic behaviour, R would be constant and 
becomes another rheological parameter, known as the unconfined compressive strength. However, for 
a strain-hardening behaviour developed here, R is variable and is to be identified with the hardening 
variable in the preceding paragraph and it will be made to depend on the current plastic strain. This 
hardening behaviour will be addressed after the flow rule. To define the plastic strain rate, the 
following form for the flow potential g is adopted:  
 
31)( ss Kg -=ó        (13) 
 
  
where 321 sss >>  are the ordered principal stresses, while K>0  is a rheological constant which 
governs the dilatancy behaviour. For the hardening law, it is supposed that R varies linearly with the 
internal variable x: 
 
xRxR b+= 0)(  (14) 
 
In our model, x is identified as the equivalent deviatoric plastic strain tensor, defined by: 
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where I =[ ]t000111  and ptpv dd åI ×=e  is the volumetric plastic strain.  
 
3.3. Calibration and verification 
We observe that the initial slope is more or less constant for all cases, this condition giving the young's 
modulus: E = 3950 kPa. We have also taken n = 0. The axial stress versus axial strain on the post-
yield portion also shows little dependence on the initial isotropic prestress, it's slope is found to be mvp 
» 110 kPa. This also leads to H » 113 kPa. The variation of the first yield stress s1y leads to the 
determination of R0 and Kp: R0 = 98 kPa, Kp = -0.17. It remains to determine the constants b and K. 
The experimental curves on the volumetric variation show a slight dependence of K on the lateral 
pressure. This leads to a little complication on the determination of K and b. As a first approach, we 
may take an average value (corresponding to a lateral confinement of 20 kPa) of K = -0.25 and 
b = 225 kPa. To summarise, estimated values of the model parameters for the 20 kg/m3 EPS are 
presented are: E = 3950 kPa, n = 0, R0 = 98 kPa, Kp =-0.17, b = 225 kPa, K = -0.25. It is observed that 
K is a small negative value suggesting that the material is clearly plastically contractant during post 
yield.  
 
The results of the deviatoric axial stress versus the axial strain from the model for confining pressure 
from 0 to 60 kPa are plotted in broken lines in Figure 1. It is observed that the model is able to 
reproduce the experimental behaviour under shearing for the full range of confining pressure, but 
perhaps a little better at the lower confining pressures. The replication is still good at 60 kPa at the 
higher strain values, though there is some deviation from experimental data, because of the presence 
of nonlinearity, at small strains.  
 
In Figure 2, the volume changes under shearing predicted by the model are again shown in broken 
line (the results are very similar for all confining pressures). The model gives a volume change which 
corresponds more to the average volume change for the confining stresses but in general, the trend of 
the shear-contractive volumetric behaviour of EPS geofoam is correctly modelled. .   
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Figure 4: Dependence of dilatant 
coefficient K on lateral 
confinement s3 
 
 
  
To improve the volumetric strain prediction, we can include the dependence of contractancy/ dilatancy 
on the confining stress. Figure 4 shows the variation of K against confining pressure s3 deduced from 
experimental results in Figure 1, as well as a linear approximation. This linear approximation leads to 
an improved prediction on the volumetric strain, as shown in Figure 5.  Finally, for n = 0, we 
have 03 =
ede , hence 233 zee dKdd
p -==  according to equation (22), with 0>zd . In other words, 
during a triaxial compression, radial contraction (resp. expansion) will occur for K<0 (resp. K > 0). 
From Figure 4, it appears that radial contraction is the rule except for very small confining stress. This 
appears to be consistent with visual observation on stressed samples.  
 
 
 
 
 
 
 
 
 
 
 
4 Conclusions 
A series of drained triaxial tests was carried out at room temperature conditions (23 °C) to study the 
behaviour of EPS geofoam under shear based upon which a constitutive model has developed and 
presented in this paper. The model has been shown to correctly predict the response of the material 
under shearing in terms of deviatoric stress-axial strain behaviour and the shear-contraction 
behaviour. It is suggested that this model will be useful in modelling the behaviour of EPS geofoam in 
a wide variety of geotechnical applications. The behaviour at high operating temperatures, stress 
levels and long term loading situations, where time dependent creep behaviour may become more 
important, is not addressed in the present study. Investigations are currently being undertaken to 
study temperature effects on EPS and the findings will be presented in a future publication. In its 
current form the model has not included the size and shape factors of the test specimens as 
suggested by Hazarika (2006) but these can be included later on to improve its applicability.  
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Figure 5: Volume change vs axial 
strain for various confining stress. Full 
lines represent experimental data 
while the broken lines are the model 
results. The theoretical predictions 
account for the stress dependence of 
the dilatation coefficient K, contrary to 
Figure 4. 
 
